Introduction
============

Notch signaling is a highly conserved signaling pathway across numerous species, and is well-known for its role in the regulation of cell self-renewal and differentiation ([@b1-ol-0-0-10170],[@b2-ol-0-0-10170]). The canonical Notch pathway applies a cell-to-cell communication strategy to activate its signaling. In brief, ligands from a neighboring cell bind to the Notch receptors of a target cell, resulting in two rounds of proteolytic cleavage (S2 and S3 cleavage). The S2 cleavage is performed by a disintegrin and metalloproteinase domain-containing (ADAM) family of proteins to break the ligand-receptor bonds. The S3 cleavage is regulated by the γ-secretase complex in order to release the Notch intracellular domain (NICD). The NICD is then translocated into the cell nucleus, where it interacts with the centromere-binding protein 1/suppressor of hairless/DNA-binding protein LAG-1 (recombining binding protein suppressor of hairless in mammals) transcription factor and co-activator Mastermind \[Mastermind-like protein (MAML)1--3 in mammals\] to activate the downstream targets ([Fig. 1](#f1-ol-0-0-10170){ref-type="fig"}) ([@b1-ol-0-0-10170],[@b3-ol-0-0-10170],[@b4-ol-0-0-10170]). In mammals, ligands include two protein families, Jagged-1 and −2, and Delta-like proteins (DLL)1, 3 and 4. The Notch receptor has four paralogs, neurogenic locus notch homolog proteins (NOTCH)1-4, the ADAMs include ADAM10 and 17, and the γ-secretase complex contains presenilin (PSEN)1 and 2 and nicastrin (NCSTN) ([@b4-ol-0-0-10170],[@b5-ol-0-0-10170]).

Studies have indicated the involvement of dysregulated Notch signaling in numerous types of cancer. Although Notch signaling has been generally considered as oncogenic, it sometimes acts as a tumor suppressor, highlighting the complexity of the role of Notch in cancer ([@b2-ol-0-0-10170],[@b6-ol-0-0-10170]--[@b8-ol-0-0-10170]). In addition, Notch signaling has been identified to mediate the immune system, including generation and maintenance of hematopoietic stem cells, lymphocyte development and peripheral T-cell activation ([@b9-ol-0-0-10170],[@b10-ol-0-0-10170]). Notch also enhances the proliferation and angiogenesis of endothelial progenitor cells and mesenchymal stem cells ([@b11-ol-0-0-10170]). All these types of cells can subsequently influence tumor growth, highlighting the diverse regulatory roles of Notch in cancer development. In ovarian cancer research, a number of studies have reported the critical roles of key Notch components in cancer progression and metastasis. For example, NOTCH1 is associated with tumor differentiation status ([@b12-ol-0-0-10170]), NOTCH2 is associated with tumor histological subtypes ([@b13-ol-0-0-10170]), NOTCH3 promotes cancer progression and is associated with poor patient outcome ([@b14-ol-0-0-10170],[@b15-ol-0-0-10170]), DLL4 is overexpressed in tumor samples and acts as an indicator of poor survival ([@b16-ol-0-0-10170]), and ADAM10 and PSEN1 assist the *in vitro* nuclear translocation of the L1 cell-adhesion molecule, an indicator of poor prognosis in ovarian cancer ([@b17-ol-0-0-10170]).

Despite the increasing evidence indicating pivotal roles of Notch signaling components in ovarian cancer, the underlying molecular mechanisms and the functional Notch network remain to be elucidated. In addition, any results obtained from *in vitro* cell culture experiments may not accurately reflect the clinical reality. In the present study, clinically relevant information was obtained from large data portals, and the roles of main components of the Notch pathway in ovarian cancer were systematically analyzed to demonstrate their association with patient survival time, cancer tissue gene expression enrichment and cancer stages. Finally, a signaling network was proposed for specific drug targeting.

Materials and methods
=====================

### Prediction of Clinical Outcomes from Genomic Profiles (PRECOG)

The PRECOG portal ([precog.stanford.edu](precog.stanford.edu)) ([@b18-ol-0-0-10170]) provided processed and integrated data from 166 cancer expression datasets, including mRNA expression levels and clinical outcomes. Particular focus was on the Meta-Z analysis, which offered a Z-score based on large datasets to indicate patient overall survival. Positive and negative values indicated poor and good survival, respectively. Z-scores of the Notch-associated genes were obtained from the PRECOG database (last analysis update, September 22, 2017), and analyzed in Excel 2013 (Microsoft Corporation, Redmond, MA, USA).

### Gene Expression across Normal and Tumor tissue (GENT)

The GENT portal (medical-genome.kribb.re.kr/GENT) ([@b19-ol-0-0-10170]) maintains a collection of 16,400 samples (U133A, 241 datasets), standardizes them and offers gene expression data across diverse tissues. Gene expression data of the Notch-associated genes from normal and ovarian cancer tissues were obtained from the GENT database (last analysis update, September 23, 2017), and analyzed in Excel 2013 and GraphPad Prism (version 7.00; GraphPad Software, Inc., La Jolla, CA, USA).

### CSIOVDB

CSIOVDB ([csibio.nus.edu.sg/CSIOVDB/CSIOVDB.html](csibio.nus.edu.sg/CSIOVDB/CSIOVDB.html)), a microarray database of ovarian cancer data ([@b20-ol-0-0-10170]), provided Kaplan-Meier survival plots comparing the lower and upper quartiles of gene expression. In addition, CSIOVDB was interrogated to investigate the association between Notch-associated genes and ovarian cancer stages. CSIOVDB has an open license to freely use its images and services.

### cBioPortal

cBioPortal ([www.cbioportal.org](www.cbioportal.org)) ([@b21-ol-0-0-10170],[@b22-ol-0-0-10170]) helps to visualize and analyze large-scale cancer genomic data. The genes NOTCH2, NOTCH3, DLL3, MAML1 and ADAM17 were inputted into the ovarian serous cystadenocarcinoma dataset ([@b23-ol-0-0-10170]) to search for genetic alterations and signaling networks. For the signaling network, the inputted genes (referred to as seed nodes with a thick border) were presented in the context of biological interactions derived from a number of public pathway databases (the Human Protein Reference Database [hprd.org](hprd.org), the Reactome Pathway Database, [reactome.org](reactome.org); the Pathway Interaction Database, this database has been retired; however, its data are now available for the research community via the NDEx database ([ndexbio.org](ndexbio.org)); and the Cancer Cell Map, [netpath.org](netpath.org)). All the genes in the signaling network were color-coded according to multi-dimensional genomic data derived from the ovarian serous cystadenocarcinoma dataset.

### Broad Institute Cancer Cell Line Encyclopedia (CCLE)

CCLE ([portals.broadinstitute.org/ccle](portals.broadinstitute.org/ccle)) provides detailed gene expression information of 947 human cancer cell lines, including 65 ovarian cancer cell lines ([@b24-ol-0-0-10170]). The present study accessed CCLE data to obtain the mRNA levels of Notch signaling components in all the available ovarian cancer cell lines.

### Statistical analysis

The bar charts were constructed using Excel 2013, and the box and whisker plots were produced using GraphPad Prism (version 7.00). The P-values for the GENT data were generated using a permutation test ([@b25-ol-0-0-10170]). The normality assumption suffers when the sample size is small. To overcome this obstacle, a recently developed permutation test was performed. In a two-sample (Ovary-Cancer, Ovary-Normal) scenario, the test worked by first determining the difference between the observed means. The data were then permuted, meaning that the cases were reallocated to the two groups in all possible combinations (with the constraint that the group sizes were held constant at their observed values). The statistic of interest (mean difference) was then calculated for each permutation and a distribution was created. It was further assessed where the original statistic (group-wise mean difference) fell in this distribution. If the original statistic fell in the tails, this indicated that the two samples originated from two different populations. For the CSIOVDB data, Tan *et al* ([@b20-ol-0-0-10170]) initially performed a Mann-Whitney test and Spearman\'s correlation analysis to assess pairwise and binary significance. To control the familywise error rate, the Bonferroni correction ([@b26-ol-0-0-10170]) was further applied by us for the data in [Table SI](#SD1-ol-0-0-10170){ref-type="supplementary-material"}. Since there are 10 tests in each table, instead of setting the critical P-value for significance to 0.05, a lower critical value of 0.005 was used (0.05/the number of tests). In [Table SI](#SD1-ol-0-0-10170){ref-type="supplementary-material"}, only individual tests with P\<0.005 were considered to be significant; these are highlighted in bold.

Results
=======

### Upregulated expression of Notch-associated genes in ovarian cancer is associated with poor overall survival time

To systematically investigate the association between the Notch-associated components and patient survival, the PRECOG analysis was performed. PRECOG includes \~18,000 cases in 166 different cancer datasets; however, the ovarian cancer datasets were the main focus of the present study. A number of principal components of the Notch pathway were associated with poor overall survival in ovarian cancer ([Fig. 2](#f2-ol-0-0-10170){ref-type="fig"}). Among these, NOTCH2, NOTCH3, DLL1, DLL3, DLL4, MAML1, ADAM17 and NCSTN were associated with poor survival (Z-score cutoff value, 1.00), indicating that these eight genes have a greater probability of participating in ovarian cancer development. Notably, two genes, NOTCH4 and MAML2, were associated with improved survival (Z-score cutoff value, 1.00), highlighting the complexity of Notch signaling. In general, these results demonstrated that the upregulation of Notch-associated genes in ovarian cancer was predominantly associated with poor overall survival time.

### mRNA expression levels of Notch-associated genes are higher in ovarian cancer tissues compared with those in normal ovaries

To further investigate the underlying molecular mechanisms leading to poor survival, the mRNA expression levels of Notch-associated genes in normal ovaries and ovarian cancer tissues were investigated further. The U133A dataset (9,258 cancer tissues and 4,087 normal tissues) from the GENT portal, enabled access to standardized mRNA expression in ovarian tissues, including 9 normal ovaries and 341 ovarian cancer tissues ([@b19-ol-0-0-10170]). The analysis revealed that higher expression of Notch-associated genes, including NOTCH2, NOTCH3, ADAM17 and NCSTN, was observed in cancer tissues compared with healthy ovaries ([Fig. 3](#f3-ol-0-0-10170){ref-type="fig"}). DLL1 and DLL4 data were not available from the GENT dataset.

### High levels of certain Notch-associated genes in ovarian cancer are associated with poor overall and disease-free survival times

The PRECOG and GENT data analyses indicated the differential expression of Notch-associated factors components in the ovarian cancer tissues, as well their association with poor survival times. A third data portal, CSIOVDB, maintaining a microarray database of ovarian cancer samples ([@b20-ol-0-0-10170]), was used in order to validate these results. Kaplan-Meier overall survival plots based on the microarray gene expression data indicated that high levels of NOTCH2, NOTCH3, and ADAM17 expression in samples from patients with ovarian cancer were associated with poor overall survival ([Fig. 4](#f4-ol-0-0-10170){ref-type="fig"}). In addition, high levels of NOTCH2, NOTCH3, MAML1 and ADAM17 expression were associated with poor disease-free survival ([Fig. 5](#f5-ol-0-0-10170){ref-type="fig"}). Together, these results further strengthened the claim that NOTCH2, NOTCH3, MAML1 and ADAM17 serve an important role in ovarian cancer, particularly pertaining to the prognosis of the patient. However, we noticed that high levels of DLL3 were generally associated with poor overall survival, yet were not statistically significant.

### High levels of certain Notch-associated factors in ovarian cancer are associated with advanced cancer stages

In clinical practice, staging is frequently applied to define the extent of the spread of cancer. Ovarian cancer staging is often determined by the system of the International Federation of Gynecology and Obstetrics, which is dependent on the extent of the primary tumor, the metastasis to nearby lymph nodes and the existence of distant metastasis ([@b27-ol-0-0-10170]--[@b29-ol-0-0-10170]). Staging is critical for the prognosis of the patient, as different cancer stages are treated differently. From the CSIOVDB data portal, the upregulation of several genes, including NOTCH2, NOTCH3, DLL3, MAML1 and ADAM17, was identified to be associated with increased cancer stages ([Fig. 6](#f6-ol-0-0-10170){ref-type="fig"} and [Table SI](#SD1-ol-0-0-10170){ref-type="supplementary-material"}). In addition, statistical analysis confirmed that the expression levels of NOTCH2, NOTCH3, MAML1 and ADAM17 in advanced stages (stages III and IV) were significantly higher compared with those of stage I ([Table SI](#SD1-ol-0-0-10170){ref-type="supplementary-material"}). These results underscored the significance of these Notch-associated principal components in ovarian cancer progression, and physicians could potentially apply them as molecular parameters during clinical practice.

### NOTCH2/NOTCH3/DLL3/MAML1/ADAM17 network and its associated genes

On the basis of the survival data regarding gene expression levels in tissues and different cancer stages, NOTCH2, NOTCH3, DLL3, MAML1 and ADAM17 were determined to be the top five most relevant genes in Notch-associated ovarian cancer. CCLE data further indicated that the mRNA levels of NOTCH2, NOTCH3, DLL3, MAML1 and ADAM17 are commonly upregulated in ovarian cancer cell lines, including NIHOVCAR3 ([Table SII](#SD1-ol-0-0-10170){ref-type="supplementary-material"}). cBioPortal ([@b21-ol-0-0-10170],[@b22-ol-0-0-10170]) covered the Ovarian Serous Cystadenocarcinoma (The Cancer Genome Atlas) dataset ([@b23-ol-0-0-10170]), which included ovarian cancer patient data of genetic alterations. In total, 212/489 (43%) sequenced cases/patients had altered mRNA levels in at least one of the five genes NOTCH2, NOTCH3, DLL3, MAML1 and ADAM17 ([Fig. S1](#SD1-ol-0-0-10170){ref-type="supplementary-material"}), indicating the essential roles of these genes in ovarian cancer. To elucidate the signaling factors associated with the NOTCH2/NOTCH3/DLL3/MAML1/ADAM17 axis, a network was created including the five core genes and 50 most frequently altered neighboring genes ([Fig. 7](#f7-ol-0-0-10170){ref-type="fig"} and [Table SIII](#SD1-ol-0-0-10170){ref-type="supplementary-material"}). The most frequently altered neighboring genes are the interacting genes in the same pathway which also have the highest mutation rates. High expression of 17/49 genes (BTC gene was not available in the CSIOVDB database) was generally associated with poor survival, whereas low expression of 9/49 genes was generally associated with poor survival ([Table SIV](#SD1-ol-0-0-10170){ref-type="supplementary-material"}). This network can be utilized in pharmaceutical research to develop more precise drug treatment, targeting the core genes to curb ovarian cancer progression and metastasis.

Discussion
==========

The results of the present study confirmed the involvement of Notch signaling in ovarian cancer. The majority of Notch key components were associated with poor survival. However, NOTCH1, NOTCH4 and MAML2 were identified to be associated with good survival. Consistent with the PRECOG data, the mRNA expression levels of NOTCH1 and NOTCH4 were lower in ovarian cancer tissues compared with those in normal ovaries ([Fig. S2](#SD1-ol-0-0-10170){ref-type="supplementary-material"}). In the CSIOVDB data portal, the downregulation of NOTCH1 and NOTCH4 were associated with increased cancer stages ([Fig. S3](#SD1-ol-0-0-10170){ref-type="supplementary-material"}). It has long been a matter of debate whether Notch signaling is oncogenic or tumor-suppressive; the results of the present study indicating opposite effects of NOTCH1--4 further add to the complexity of Notch receptors. The detailed mechanisms of cellular differences are not yet well-understood. One of the main differences among Notch receptors is in the C-terminus of the NICD ([@b2-ol-0-0-10170]). Since the NICD is the essential functional transcription factor to regulate the expression of downstream targets, we hypothesize that the differences in the termini may yield contrasting signaling outputs. The function complexity of Notch receptors has been associated with the interactions with other signaling pathways ([@b30-ol-0-0-10170]), and the NICD is known to serve an important role in integrating signals ([@b31-ol-0-0-10170]). Although a lot is known about the functional differences among NOTCH1-4, MAM1--3 and PSEN1-2, the underlying molecular mechanisms of the transcriptional activation remain unknown. All MAMLs contain an N-terminal basic domain, two middle acidic domains and a C-terminus. Two transcription-activating domain (TAD) regions in the acidic domains are critical for transcriptional activation, and MAML1 possesses a unique p300-binding site in the TAD1 region ([@b32-ol-0-0-10170]). Although paralogs of NICD and MAMLs are almost structurally identical, the subtle differences may create a totally functionally distinct activator complex, eventually leading to different patient outcomes. We propose a clinical strategy to overexpress the NOTCH4 and MAML2 in patients with cancer, which may inhibit cancer progression and metastasis. However, precautions are required, as an *in vitro* cell culture study using reverse transcription-polymerase chain reaction analyses identified that high levels of NOTCH4 were observed in cluster of differentiation 24^+^ ovarian cancer stem cells ([@b33-ol-0-0-10170]).

In the present study, NOTCH2, NOTCH3, DLL3, MAML1 and ADAM17 were identified to be the top five most relevant genes in Notch-associated ovarian cancer. They were enriched in cancer tissue samples associated with patient survival and cancer stages, indicating that they had pivotal roles in ovarian cancer. Issues such as tumor complexity and heterogeneity may bring confounders to undermine the statistically significant differences identified in the present study. Although the differential expression of these genes was not sufficiently marked, if these genes can be associated with poor patient outcomes across multiple-platform databases, they should be taken into serious consideration. To elucidate the signaling factors associated with the NOTCH2/NOTCH3/DLL3/MAML1/ADAM17 axis, a signaling network was provided to include the 50 most frequently altered neighboring genes. Our proposed genetic network can be an ideal target in pharmaceutical drug development to inhibit ovarian cancer progression and metastasis, thus improving patient survival. A previous study indicated that tarextumab, a NOTCH2/NOTCH3 antagonist, successfully inhibited patient-derived xenograft tumor growth ([@b34-ol-0-0-10170]), confirming an effective treatment strategy targeting the main components of Notch. In addition, the NOTCH2/NOTCH3/DLL3/MAML1/ADAM17 network can also be used in mathematical models to identify potential drug therapies. For instance, a study in breast cancer utilized the gene nodes from published studies to develop stochastic Boolean network models, which can quantitative assess the vulnerability of each gene node for potential drug targets ([@b35-ol-0-0-10170]).

We propose that the NOTCH2/NOTCH3/DLL3/MAML1/ADAM17 network is critical in ovarian cancer. It is hoped that the results of the present will shed light on the targeted therapy against Notch activation in ovarian cancer and help to focus future efforts on designing effective drugs.
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![Schematic diagram of Notch signaling and its principal components. DLL, Delta-like protein; JAG, Jagged; NICD, Notch intracellular domain; MAML, Mastermind-like protein; ADAM, a disintegrin and metalloproteinase; PSEN, presenilin; NCSTN, nicastrin; RBPJ, recombination signal binding protein for immunoglobulin kappa J region.](ol-17-06-4914-g00){#f1-ol-0-0-10170}

![Expression of the principal Notch components in ovarian cancer is associated with poor overall survival. Using the PREdiction of Clinical Outcomes from Genomic Profiles (PRECOG) database ([precog.stanford.edu](precog.stanford.edu)), the survival z-scores were obtained for the principal Notch components in ovarian cancer. DLL, Delta-like protein; JAG, Jagged; MAML, Mastermind-like protein; ADAM, a disintegrin and metalloproteinase; PSEN, presenilin; NCSTN, nicastrin; RBPJ, recombination signal binding protein for immunoglobulin kappa J region.](ol-17-06-4914-g01){#f2-ol-0-0-10170}

![mRNA expression levels of Notch-associated genes in normal ovaries and corresponding ovarian cancer tissues. The mRNA expression (log~2~) data based on the dataset U133A were obtained from the Gene Expression across Normal and Tumor tissue (GENT) portal and were analyzed using GraphPad Prism (version 7.00). P-values are indicated. Ovary-N, normal ovaries; Ovary-C, ovarian cancer; DLL3, Delta-like protein 3; MAML1, Mastermind-like protein 1; ADAM17, a disintegrin and metalloproteinase 17; NCSTN, nicastrin. The box and whisker plots were produced using GraphPad Prism, and the default setting plotted the box from the 10th percentile to the 90th percentile.](ol-17-06-4914-g02){#f3-ol-0-0-10170}

![High levels of Notch components in ovarian cancer are generally associated with poor overall survival. Kaplan-Meier overall survival plots of NOTCH2, NOTCH3, DLL1, DLL3, DLL4, MAML1, ADAM17 and NCSTN expression in patients with ovarian cancer were based on the microarray gene expression database CSIOVDB. DLL, Delta-like protein; MAML1, Mastermind-like protein 1; ADAM17, a disintegrin and metalloproteinase 17; NCSTN, nicastrin; Q, quartile. The red text for the plot titles suggested high levels of the genes were generally associated with poor overall survival, while the green text indicated association with either good survival or no clear trend.](ol-17-06-4914-g03){#f4-ol-0-0-10170}

![High levels of Notch components in ovarian cancer are generally associated with poor disease-free survival. Kaplan-Meier disease-free survival plots of NOTCH2, NOTCH3, DLL1, DLL3, DLL4, MAML1, ADAM17 and NCSTN expression in patients with ovarian cancer were based on the microarray gene expression database CSIOVDB. DLL, Delta-like protein; MAML1, Mastermind-like protein 1; ADAM17, a disintegrin and metalloproteinase 17; NCSTN, nicastrin; Q, quartile. The red text for the plot titles suggested high levels of the genes were generally associated with poor disease-free survival, while the green text indicated association with either good survival or no clear trend.](ol-17-06-4914-g04){#f5-ol-0-0-10170}

![High levels of Notch components in ovarian cancer are generally associated with advanced cancer stages. NOTCH2, NOTCH3, DLL1, DLL3, DLL4, MAML1, ADAM17 and NCSTN expression in different cancer stages of ovarian cancer patients were based on the microarray gene expression database CSIOVDB. DLL, Delta-like protein; MAML1, Mastermind-like protein 1; ADAM17, a disintegrin and metalloproteinase 17; NCSTN, nicastrin. The red text for the plot titles suggested high levels of the genes were generally associated with advanced cancer stages, while the green text indicated association with early stages or no clear trend.](ol-17-06-4914-g05){#f6-ol-0-0-10170}

![NOTCH2/NOTCH3/DLL3/MAML1/ADAM17 network and its associated 50 most frequently altered neighboring genes. Datasets were analyzed using cBioPortal. DLL3, Delta-like protein 3; MAML1, Mastermind-like protein 1; ADAM17, a disintegrin and metalloproteinase 17. For the signaling network, the inputted genes were referred to as seed nodes with a thick border. Higher intensity of the red circles indicates higher mutation rate of the gene. All the genes in the signaling network were color-coded with according to multi-dimensional genomic data derived from the ovarian serous cystadenocarcinoma dataset. Brown color: 'In Same Component' indicating connected genes are involved in the same biological component, such as a complex. Blue color: 'Reacts With' indicating one gene reacts with another one. Green Color: 'State Change' indicating that the gene causes a state change, such as a phosphorylation change, of another gene.](ol-17-06-4914-g06){#f7-ol-0-0-10170}
